INTRODUCTION
Reasonably satisfactory methods have been developed for estimation of plasma volume (1) and total body water (2, 3) in normal subjects. On the other hand, no entirely satisfactory substance for estimating the volume of the extracellular fluid has as yet been found. It is not surprising that the material for this purpose should be more difficult to select, since, in order to have a volume of distribution equal to the extracellular fluid, it must be capable of passing through one membrane, the capillary wall, and yet be effectively excluded by the other, the cell wall.
The use of large molecules such as inulin (4, 5) and sucrose (6, 7) , which are excluded for the most part from body cells, is restricted by their slow rate of capillary diffusion, particularly in the case of inulin, which generally necessitates a constant infusion and limits the applicability of these methods in edematous states (8) . Mannitol, which diffuses more rapidly (9, 10) , suffers from the disadvantage of changing extracellular fluid in two ways in the process of measuring it, because the plasma concentration required for accurate analysis exerts an effective osmotic pressure which draws water from cells, thereby expanding extracellular fluid volume, at the same time that a mannitol diuresis is sweeping sodium chloride into the urine.
Several ions which diffuse rapidly into the interstitial fluid have been employed for the measurement of extracellular volume, including bromide (11, 12) , thiocyanate (7) , thiosulfate (13, 14) , ferrocyanide (15) , and sulfate (7, 16) . Bromide (17) , thiocyanate (7, 18) , and thiosulfate (13) all penetrate cells to a significant extent. ThiosuliThis investigation was supported in part by a research grant from The National Institutes of Health, Public Health Service2Present address: Naval Medical Research Institute, National Naval Medical Center, Bethesda, Maryland.
fate, ferrocyanide, and sulfate suffer from the disadvantage of rapid urinary excretion which makes estimation of the amount remaining in the body at any given time subject to error. In addition, in the case of sulfate, correction for the amount normally present in plasma and urine is a further source of difficulty, while in the case of ferrocyanide, evidences of nephrotoxicity have been reported (19) .
Radioactive labelling has made possible the use of sodium (18, [20] [21] [22] [23] and chloride (18, 24, 25) .
As is the case with bromide, these substances penetrate cells rapidly and at several different rates so that correction for the amount which has penetrated at any given time is difficult. A further disadvantage is their inconvenient half-life (14.8 hours for Na24, 37 minutes for Cl38, and 2 x 106 years for Cl36).
Sulfate labelled with S35 has several theoretical advantages. Since the weight of sulfate injected is negligible (less than 5 micrograms), the serum concentration of sulfate is unaltered. Consequently, the rate of urinary loss remains sufficiently below the glomerular filtration rate to minimize errors induced by excessively rapid renal excretion, and yet is rapid enough so that little radioactivity remains in the blood after a few days. No correction for endogenous material is necessary, and, since the effective osmotic pressure of the extracellular fluid is unchanged, internal fluid exchanges are not altered. S35 has a convenient half-life of 87.1 days. The disappearance from the plasma of radiosulfate injected intravenously into normal human subjects, with observations as to the magnitude of the "radiosulfate space," has been presented in a preliminary report (26) . This paper records further observations on the fate of radiosulfate in man and dogs, and an evaluation of its use as a substance with which to measure the volume of the extracellular fluid. 299
The volume of distribution in water of the body of any foreign substance injected into the blood may be calculated as:
Amount injected -amount excreted Concentration in interstitial water' Where the substance is distributed at a uniform concentration throughout one phase of body fluids this calculation gives the actual volume of that phase, excluding the volume occupied by protein.
As the substance penetrates into other phases of body fluids, its "volume of distribution" increases, but under these circumstances the calculated "volume" does not correspond to an actual volume of body fluid; nevertheless, it constitutes, a useful measure of the amount of penetration which has occurred. After penetrating cells, a reference substance may also undergo metabolic transformation within the cell;' here, too, the "volume of distribution" is an index of the amount of material which has been taken up, but not a measure of any anatomical fluid compartment. The use of the equation here employed affords by itself no information as to whether an increase in the volume of distribution is a consequence of penetration of the reference substance into cell water or to metabolic transformation as well.
The fate of radiosulfate injected intravenously has been studied, employing this equation. The data are divided into three sections: (1) the excretion of radiosulfate, (2) its disappearance from the blood, and (3) the result of combining these two values, the volume of distribution, as a function of time. Since the results in human subjects and dogs differ quantitatively but not qualitatively, they are presented concurrently.
MATERIALS AND METHODS
Carrier-free S, in the form of H,SO4, was obtained from the Oak Ridge National Laboratories on allocation by the Atomic Energy Commission. In order to prepare this material for injection, an appropriate volume was diluted with normal saline to give a concentration of 20 microcuries per ml. After autoclaving, 5 ml. in a calibrated syringe were injected intravenously during the course of one minute. In the animal experiments, more concentrated solutions of S were frequently used.
Two analytical methods were employed. The first involved the precipitation of sulfate as the benzidine salt from protein-free filtrates, and collection of the precipitate on filter paper by a suction apparatus (a modification of the procedure of Henriques and his coworkers [27] (29) .
The human subjects were normal physicians, medical students or nurses, and patients with psychiatric disturbances, rheumatoid arthritis or orthopedic disorders. None gave any evidence of renal disease or fluid retention. The dogs were trained mongrels, maintained on a meat diet with water, ad libitum.
Samples of urine were obtained without the use of catheters in all human subjects. High urine flows were found undesirable in the routine estimation of extracellular fluid (v.i.) but during the clearance determinations sufficiently rapid flows were maintained to minimize errors due to urinary dead space.
RESULTS
I. The urinary excretion of radiosulfate A. The exchange of inorganic sulfate with organic sulfate. The radioactivity of urine was partitioned, in two experiments in normal men, between inorganic sulfate and organic sulfate. In the first, the activity of benzidine sulfate precipitates prepared before and after acid hydrolysis (30) of three urine samples during the first four hours after injection of radiosulfate was compared. Acid hydrolysis increased the activity less than 8 per cent. In the second experiment, the total radioactivity of three urine samples obtained during the first four hours, as determined by the liquid sample method, was compared with the radioactivity of benzidine sulfate precipitates. When corrected for the differences in sensitivity of the two methods, the results agreed within 5 per cent.
It is concluded that the amount of administered radiosulfate excreted in an organic form within the first four hours after injection is negligible for the purpose of measuring its volume of distribution. Incorporation of radiosulfate into ethereal sulfate within 24 hours has been observed (31) .
B. The proportion of the administered dose excreted during the period of equilibration. Evidence is presented below that equilibration of radiosulfate throughout the extracellular fluid requires 15 to 20 minutes in man and 20 to 30 minutes in dogs. Since the volume of distribution at these times is calculated as the amount remaining in the body divided by the concentration in interstitial fluid, an accurate estimate of the amount excreted is necessary. Collection of a complete urine sample over such a short period is extremely difficult without a catheter, and the delay time from renal tubules to bladder makes quantitative recovery difficult even with catheterization. The proportion of the dose excreted may also be expected to vary in a single subject on successive occasions, due to variation in the amount of the injected material which circulates through the kidney during mixing.
In determinations on 15 normal human subjects the proportion of the administered dose voided 18 minutes after injection was measured. When urine flows were slow, a long period without voiding preceded the injection so that collection might be as complete as possible. The proportion of the administered dose recovered varied from 1.3 per cent to 8.8 per cent, averaging 4.5 per cent. The variation in a single individual was as great as for the entire group. No correlation with urine flow was noted.
In six normal dogs, urine samples were obtained by catheter 25 to 30 minutes after injection, and the bladder was washed several times with distilled water. These animals were not loaded with water prior to the experiment. The proportion of the administered dose which was recovered varied from 1.0 per cent to 6.0 per cent, averaging 3.6 per cent. In another group of six normal dogs, water loading by stomach tube was begun one hour before the injection of radiosulfate. The proportion of the dose collected by catheter within 25 to 30 minutes varied from 3.7 per cent to 8.2 per cent, averaging 5.6 per cent.
An attempt was made to determine whether more consistent values for the volume of distribution of radiosulfate could be obtained by determining the amount excreted in the urine or by assuming that a constant fraction, for example 5 per cent, was always lost during equilibration. In duplicate determinations of the radiosulfate volume of distribution measured at intervals of several days in six normal human subjects, the average difference between paired sulfate spaces was 0.16 liter when the measured radiosulfate excretion into the urine was taken into account and 0.30 liter when it was assumed that a constant fraction was excreted. In eight normal dogs, the variability of extracellular fluid volume per unit of body weight or surface area was slightly greater when a constant fraction of the dose was assumed to have been excreted than when the amount recovered from catheterized urine specimens was used in the calculation.
In conclusion it appears that 4 to 8 per cent of an administered dose of radiosulfate is excreted during equilibration, although as little as 1 per cent may be collected from the bladder when the rate of urine flow is low (presumably because of urinary dead-space errors). Omission of urine collection and the assumption of an average fraction lost therefore entails a small error in normal human subjects and dogs. Where sulfate clearance is abnormal, collection of urine is obviously mandatory.
C. The clearance of radiosulfate in normal subjects. Using one to five 20 to 60 minute clearance periods, the clearance of radiosulfate following a single injection was calculated in six normal human subjects (Table I) . (Figure 4) . In all four animals, therefore, the "excess" plasma activity has fallen to 1 per cent or less of its initial value within 25 minutes. The other dog included in Figure 3 is omitted because an insufficient number of early arterial samples were obtained for this type of analysis.
In the three normal human subjects who remained recumbent and fasting for several hours the subsequent disappearance of radiosulfate from the venous serum was observed. The subjects ingested half a glass of water every half hour. The first sample was obtained 18 minutes after the end of injection. When serum radioactivity is plotted on a logarithmic scale against time straight lines are obtained for all three subjects ( Figure 5 ).
In six normal dogs, similar data were obtained ( Figure 6 ). The dogs were kept on an animal board, fasting, throughout the procedure, with the exception of dogs 9 and 10, which were removed from the board and allowed to walk about the laboratory after the times noted by arrows on the figure. Straight lines are obtained for all the animals with the exception of dog 10 figure.) change in slope observed in this animal, coinciding with the point at which it assumed an upright position, may have been due to a change in glomerular filtration rate, although no such change in slope occurred in dog 9.
It is concluded that the disappearance of radiosulfate from the blood after intravenous injection in one minute can be described by two additive single exponential rates, an initial rapid one which is essentially completed in 18 to 20 minutes in man and 25 to 30 minutes in dogs, and a slow rate which remains unchanged thereafter, for at least several hours. figure.) vious studies have shown that all of plasma sulfate is ultrafiltrable (36) (37) (38) .
The volume of distribution at intervals following injection was determined in four normal human subjects and six normal dogs. For both species the increase in volume of distribution with time appears to be linear (Figures 7 and 8 ). The rate of increase was calculated for each subject. In the human subjects it varied from 1 The exponential rate of disappearance of radiosulfate from the blood exceeds the exponential rate of urinary loss, indicating that the former rate represents the summation of loss by excretion and another single exponential rate of disappearance elsewhere. Calculation of the rates reveals that the fraction of the amount remaining which disappears from the blood per unit time is, in fact, about twice as great as the fraction which appears in the urine. Under these circumstances the volume of distribution should increase exponentially rather than linearly.3 The data do not permit a definite conclusion as to whether the increase is, in fact, exponential or linear. However, if these same linear rates of increase obtained during the period of equilibration, values for the volume of distribution at 18 minutes in man would be 0.65 per cent of body weight greater than if equilibration had occurred instantaneously and values for the volume of distribution at 30 minutes in dogs would be 1.33 per cent greater. But since the interstitial fluid, from which the radiosulfate must enter body cells, contains substantially less radiosulfate during this period than it does thereafter, the fraction which penetrates during this interval will be somewhat less than in a subsequent interval of equal duration. The error due to cellular penetration during equilibration is thus about 0.5 per cent of body weight in man and about 1 per cent of body weight in dogs.
IV. The magnitude of the radiosulfate space in normal humans and dogs The volumes of distribution of radiosulfate 18 minutes after injection in 18 normal men and women are presented in Table II .P All determinations were made in fasting subjects, who had been ingesting salt ad libitum. Neither coffee nor alcohol was taken on the evening before, and water was not forced. In earlier observations when several glasses of water were ingested shortly before the ' (26) . The rate of increase appears to be constant in each subject, and averages 2.1 per cent of body weight per hour.
injection of radiosulfate, the volume of distribution appeared to increase (as compared to previous determinations in the same subject) more than if the water were distributed throughout total body water, probably due to the relatively slow rate at which administered water equilibrates with cell water (2) (39) . The higher value obtained in these animals and the greater constancy than in man are presumably due to the small proportion of their body weight which is fat. (40) . Another subdivision, which is as yet poorly defined, is that portion of the extracellular fluid which does not appear to be in diffusion equilibrium with the rest, and, at least in experiments of short duration, acts as though it were intracellular. Connective tissue water is the chief example of this "non-functional extracellular fluid." The difficulty in defining the extent of this fluid space lies in determining at what point it ends and true intracellular water begins.
It is evident that the inclusion of "transcellular water" and "non-functional extracellular fluid" is undesirable in a measure which has as its purpose the estimation of that portion of chloride-containing body fluid which is responsive to acute changes in the composition of the plasma. On the other hand, for the purpose of estimating changes in intracellular composition from external balances of electrolytes by the difference between total body content and extracellular fluid content, it may be desirable to include "non-functional extracellular fluid," since its composition may eventually respond to changes in the more readily diffusible portion, and perhaps "transcellular water" as well, since the latter is included in total body water measurements (40) .
It appears that radiosulfate space does not include either of these subdivisions of extracellular fluid. The low concentrations found in gastnrc juice and stool relative to the blood (41) suggest that only small amounts of "transcellular water" are included. The similarity of radiosulfate space to the dilution volumes of inulin, sucrose, and ferrocyanide, molecules of widely varying size, is evidence that these substances all measure the same physiologically distinct compartment of body water, which may be termed the "functional extracellular fluid."
All of these substances, therefore, may be used to estimate the volume of body fluid throughout which an acute change in plasma composition is reflected, but in long balance studies the calculated change in the electrolyte composition of the remainder of body water may involve not only body cells but also the non-functional extracellular fluid.
From comparisons of total body chloride content (determined by carcass analysis [42] , dilution of labelled chloride [24] , or bromide space [17, 4345] ) with the volume of distribution of inulin, it has been concluded (24, 45, 46) that from one-fourth to one-half of the total body chloride is outside of the functional extracellular fluid, i.e., is not in diffusion equilibrium with the rest. Obviously, chloride balance need not parallel extracellular fluid volume changes in long-term studies, although in acute studies it may do so accurately.
The site and nature of this relatively indiffusible chloride has been sought by determinations of the fraction of tissue chloride space which fails to respond to induced changes in the composition of the extracellular fluid (47) (48) (49) (50) , and by comparisons of the tissue chloride. space with the tissue space of other referent substances (51) (52) (53) (54) (55) . These studies have shown that varying portions of the -chloride space, notably in connective tissue, are impenetrable to sulfate (47, 55) , thiosulfate (51) , and inulin (51) (52) (53) (54) . Radiosulfate also fails to penetrate about 25 per cent of the chloride space of muscle (41) . The moiety of muscle chloride space which is unpenetrated may be almost entirely due to its connective tissue content (51) .
It is evident, therefore, that these substances measure only a portion of the extracellular fluids of the body, but, for many purposes, the most important portion.
The data presented do not show definitely whether the progressive extrarenal loss of radiosulfate after equilibration represents cellular penetration (with or without metabolism of sulfate as well), or gradual diffusion into the non-functional extracellular fluid. However, the exponential decline in the plasma concentration towards zero, even when the rate of urinary loss is subtracted, indicates that after 15 to 30 minutes radiosulfate is slowly lost into areas from which it does not return in measurable amounts. If the phase into which it is penetrating were a more remote portion of the extracellular fluid which is nevertheless in diffusion equilibrium with the rest, it would be expected that detectable amounts of radiosulfate would diffuse back. Since this is not the case, it is tentatively concluded that the progressive increase in the apparent volume of distribution reflects progressive cellular penetration and/or metabolism, and that if radiosulfate gains access to the non-functional extracellular fluid at all, it does so very slowly.
The variability of radiosulfate space per unit weight in the human subjects is not surprising, in view of the wide variation in body fat content (56) (57) (58) (59) (60) (61) . Total body water has been shown to be a very constant proportion of "fat-free" weight in man (59) . Similar observations have been made for muscle (61) . Since body water may vary from 30 per cent to 68 per cent of body weight (46), it is not surprising that extracellular fluid volume should vary to the same degree. The surface area correction, as obtained from standard tables, does not remove this variability since it is unaffected by the proportion of fat and lean tissue in an individual of any given height or weight.
SUMMARY AND CONCLUSION
Radiosulfate is shown to be a satisfactory and convenient measure of the functional extracellular fluid volume in normal man and dogs, on the basis of the following observations:
1. Diffusion equilibrium after a single injection is achieved in 15 to 20 minutes in man and 20 to 30 minutes in dogs.
2. Only 4 to 8 per cent of the dose is excreted during equilibration, so that urine collection may be omitted without serious error.
3. Cellular penetration during equilibration is slight in both species, but greater in dogs than in man.
4. Half of the dose is excreted within four to nine hours, so that frequent determinations can be made.
5. Repeated determinations in a single individual differ by an average of 0.16 to 0.30 liter.
6. The ratio of radiosulfate space to simultaneously determined inulin space in nine human subjects was 0.95 ± 0.11. Evidence in support of the accepted view that all of the plasma sulfate is filtrable through the glomerulus is also presented.
